Introduction
The increased resolution provided by digital elevation models (DEM) based on LiDAR (Light Detection and Ranging) reveals not only well-known glacial landforms in greater detail but landforms new to science. Recent studies describe a distinct triangular or V-shaped glacial landform in the Fennoscandian Shield area (Seppälä, 2016; Mäkinen and others, 2017; Peterson and others, 2017) (Fig. 1 ). Here we call these landforms 'murtoos' (singular 'murtoo'). Examples of this landform were found near the village of Murtoo, Finland, and the word 'murtoo' in Finnish refers to fragmentary topography. Previously, these triangularshaped landforms have been undetected in Sweden and Finland or have been included in 'hummocky moraine' or 'dead-ice moraine' on many geological survey maps.
Here, we present detailed morphometry of murtoos in Finland and Sweden and discuss their geomorphic relationship to other glacial bedforms. We also present a map of their icesheet scale distribution and show that it is related to major deglacial climatic events including the Bølling-Allerød warm period, Greenland Stadial 1 (when the prominent Younger Dryas end moraines were formed) and postglacial Holocene warming.
Murtoo excavations are being conducted and murtoo sedimentology is described in detail in papers under preparation. The preliminary sedimentological descriptions show, however, that murtoos are composed primarily of loose diamicton with some sorted beds, and are often characterized with numerous surface boulders (Johnson and others, 2018; Kajuutti and others, 2018; Mäkinen and others, 2018; Peterson and others, 2018) . These studies particularly indicate that diamicton in murtoos lacks the more compact and homogeneous character of subglacial traction till found in nearby drumlins and till plains, and that in places the interbedded sandy lenses and sandier zones include sedimentary structures that can be slightly to strongly deformed.
Based on the conjugate angles of murtoo sides, Seppälä (2016) suggested that murtoos were formed by subglacial tectonics in which their shape is achieved by fracturing of the subglacial material. A similar genesis was suggested by Frödin (1954) for a V-shaped landform he mapped in Jämtland, Sweden, which represents the only observation of a murtoo-like landform prior to the availability of LiDAR. Based on morphology and some small exposures, Mäkinen and others (2017) interpreted murtoos to be bodies of subglacial till that moved by creep but also were eroded and shaped by subglacial meltwater.
The genesis of murtoos is not clearly understood. An understanding of murtoo genesis will be aided by their morphometric analysis and an ice-sheet scale mapping of their distribution. Thereby, the aims of the present study are to (i) show the morphometric characteristics of murtoos, (ii) demonstrate that murtoos are unique in their morphology compared to other glacial landforms, and (iii) discuss their spatial distribution and origin in relation to deglaciation of the Scandinavian Ice Sheet (SIS) and ice-sheet dynamics.
Study area
The study area is located on the Fennoscandian Shield, which consists predominantly of crystalline bedrock (Koistinen and others, 2001) . The study area was completely covered by the SIS during the last glaciation and glacial deposits are predominantly thin (commonly <10 m) over bedrock. Deposits pre-dating the Late Weichselian are rare, most commonly in the far north where cold-bed conditions prevailed during glaciation and preserved them from erosion (Lagerbäck, 1988; Johansson and others, 2011) . The southern margin of SIS extended into northern continental Europe and its maximum position was reached first in Denmark, but progressively later to the east so that the age of this border ranges from 23 to 19 ka BP (Hughes and others, 2015; Stroeven and others, 2016) (Fig. 2) . Several prominent endmoraine belts in Germany, Poland and the Baltic States north of the Last Glacial Maximum (LGM) position indicate stillstands or readvances of the ice margin during early deglaciation (Lundqvist and Saarnisto, 1995; Boulton and others, 2001; Stroeven and others, 2016) . Continued ice-margin retreat in Finland and Sweden was steady, and except for some prominent moraines along the Swedish southwest coast (Lundqvist and Wohlfarth, 2001) , few clear ice-margin positions exist south of the prominent end moraines formed during the Younger Dryas cold event, including the Middle Swedish end-moraine zone and the Salpausselkä moraines in Finland (Fig. 2) . The deglaciation north of the Younger Dryas moraines was fast and continuous, involving multiple ice streams in Finland (Kleman and 
Methods

Mapping
In the present study, we screened Sweden and Finland for the spatial distribution of murtoos from LiDAR-based DEM at a scale of 1: 16 000 and 1: 20 000. We used two main visualization derivatives that were processed from the LiDAR DEMs: (i) multiple illumination angle rasters (315°, 45°, 90°, 0°) or a multidirectional oblique-weighted hillshade (primary illumination from 325°, vertical exaggeration of 3-5) (Jenness, 2013) , and (ii) a slope raster.
Morphometry
As input for statistical analysis, 56 murtoo fields were randomly selected from the 564 murtoo fields that were found during screening. These selected fields were randomly distributed among four groups of the authors for morphometric analyses, which were done in the ArcMap environment. The perimeter of each murtoo field was mapped as a polygon feature. The local ice-flow direction was determined using glacial lineations (drumlins, striations) in the vicinity of each murtoo field. Individual murtoos were measured within each field. To accurately describe the morphology of the individual murtoos, the following parameters were measured ( Fig. 3). (1) The break of slope (the base of the steep, distal edge) was mapped to outline the 'V' of the landform. (2) The angle defining the tip of the murtoo was visually bisected and measured to represent the murtoo's longitudinal axis. (3) A transverse axis was drawn from side to side of the break of slope, perpendicular to the longitudinal axis extending from the end of the shorter side of the murtoo edge.
(4) The highest point along the longitudinal axis where it meets the brinkline was marked.
The collected data were processed using ArcPy (10.5.1) and Python (3.6.6). Standard morphometric attributes such as area, length, width and height were retrieved. The 'tip angle' was calculated using trigonometric functions. The direction of the longitudinal axis and the direction of the local ice flow in the vicinity of the murtoo field were recorded. Additionally, by assigning elevation values from the LiDAR-based DEM, the distal and proximal slopes were calculated.
For each murtoo field, four attributes were retrieved: area of the field, slope along the major axis of the field, number of mapped murtoos per field and the 'geomorphon' in which the murtoo field is situated. A 'geomorphon' (Jasiewicz and Stepinski, 2013) is a ternary pattern that can describe a terrain morphology and is calculated using the GRASS GIS (7.4.0) on a 30 m resolution version of the LiDAR-derived DEM (parameters used: search = 1500, skip = 0, flat = 1, dist = 0). The geomorphon method divides the landscape into ten different forms (flat, peak, ridge, shoulder, spur, slope, pit, valley, footslope and hollow) and each field was assigned the value that was most common.
Results
Description of murtoos
A total of 56 murtoo fields and 680 individual murtoos were measured in the present study. They show variations in area and slopes as well as width, length, height and horizontal tip angle of murtoos, but the morphological characteristics of murtoos within and between each murtoo field are distinctly similar (Figs 4 and 5). Antti E. K. Ojala and others
More than 90% of the measured murtoos are <10 000 m 2 (hectare) in area (Fig. 4a ), and their area mostly varies between 2000 and 5000 m 2 (Table 1) . Murtoos are typically 30-200 m long and 30-200 m wide with a median of 59 and 79 m, respectively (Figs 4b and c). The relief of murtoos is commonly <5 m, but in cases up to 10-15 m (Fig. 4d ) with a mean of ∼3 m ( Table 1) . The values of the murtoo tip angle are normally distributed and generally between 50°and 90° (Fig. 4e ). The longitudinal profile of murtoos is asymmetric; in most cases the distal slope is steeper than the proximal slope, and can be up to 25-30°with a median of 10°( Fig. 4f , Table 1 ). A linear relationship exists between the distal and proximal slopes, which is particularly well pronounced with less steep (<7°) proximal slopes. Murtoos also exhibit a shingled, fish-scale like appearance where the tips of up-ice murtoos appear to overlap down-ice murtoos (Fig. 1) .
When comparing murtoo morphometric variables with each other, it is clear that prominent statistical relationship exists between murtoo dimensions and slopes ( Fig. 5 ). For example, larger murtoos with higher relief are associated with steeper distal slopes. There is also a strong relationship between murtoo length and width (Figs 5a and b ). An interesting observation is that for murtoos that are <5 m in relief, the horizontal tip angle varies between 20°and 120°, but for higher relief murtoos (>5 m), the range of tip angle is narrower and approaches 80° (Fig. 5c ). The area of individual murtoos, on the other hand, does not correlate with the steepness of distal or proximal slopes or the height of a murtoo (Fig. 5d ), indicating that the relief of a murtoo is independent of its width and length dimensions.
Fields of murtoos are commonly 0.5-4 km wide and long with a typical area of <12 km 2 (Fig. 6 , Table 2 ). The fields contain from a few to a few tens of murtoos, typically between ten and 50 murtoos with a median of 25 at the presently investigated sites. It is typical that more distinct murtoos appear in the middle of the fields, whereas their striking pattern with sharp edges and clear triangular shape fades towards the fringes of the fields. Murtoos Fig. 5 . The relationships for murtoo morphometrics indicate that the height is associated with distal slope (a) (linear correlation r 2 = 0.37) and width with length (b) (linear correlation r 2 = 0.61), but the tip angle vs height (c) is less predictable (linear correlation r 2 = 0.01), especially for murtoos that are <4 m in relief. Murtoo height is independent of murtoo area (d) (linear correlation r 2 = 0.06). 
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appear in different types of topographic positions (geomorphons), but most commonly in valleys and flat areas (slope <2°) (Fig. 6d) . The orientation of the longitudinal axis of individual murtoos agrees strongly with the mean direction of local ice flow provided by striations and linear landforms (Fig. 7) . This shows that the V-shaped form is clearly related to the ice-flow direction.
Murtoos in relation to other glacial landforms
In a few locations, murtoos are crossed by eskers indicating that they were shaped prior to esker formation. Murtoos are also often associated with eskers longitudinally with murtoos Fig. 6 . Number of murtoos in each field (a), murtoo field area (b) and slope (c), and geomorphon type (d) (see Jasiewicz and Stepinski (2013) for geomorphon types) of randomly selected murtoo fields (n = 56) investigated in the present study. occurring up-flow from eskers ( Fig. 8 ) (Mäkinen and others, 2017) . Murtoo fields are related to ribbed moraines (Fig. 8) .
When found together, the murtoos truncate rib forms indicating that they were formed after ribbed moraines. Figure 9 shows the relationship between the distribution of murtoo fields and Veiki moraine in northern Sweden. Individual Veiki moraines have been shown to be Early Weichselian ice-walled-lake plains that were preserved under cold-bed conditions during the Late Weichselian (Lagerbäck, 1988; Hättestrand, 1998) . Veiki moraine is well preserved in the north of Sweden where murtoos are completely absent, but these moraines appear in patches among the northernmost murtoos.
Finally, in places, murtoos have flute-like lineations on their upper surfaces that are parallel to the most recent local ice flow indicating overriding ice (Johnson and others, 2018) . Figure 10 shows the distribution of the murtoo fields of the present study. We chose that to qualify as a murtoo 'field' at least five distinct individual murtoos needed to be present. Altogether, we identified 564 murtoo fields in Finland and Sweden. We note, however, that we have observed locations with landforms somewhat similar to murtoos (sharp edges, shingled appearance, etc.), but have excluded them from the analysis because the forms did not exhibit the distinct triangular form or the triangular forms were too few. This suggests that the environment in which the murtoos were formed may have been more widespread than our mapped points indicate.
Murtoo distribution
Distinct murtoos are predominantly found in areas that have relatively low relief, although in the central Sweden region murtoos also occur axially to valleys that radiate out from the Scandes Mountains. Preliminary landscape-classification analyses show that at least most (up to 75%) of the murtoo fields are found in landscapes that slope down ice. Importantly, murtoos are found above and below the marine limit in both countries indicating that their formation is not fixed to a supra-or subaquatic environment.
The southernmost occurrences of murtoos within the studied area are in southern Sweden, where the ice margin retreated during Fig. 9 . Morphological map covering parts of northern Sweden displaying murtoo fields and their spatial relation to Veiki moraine and ribbed moraine. Observe the absence of murtoo fields in the vicinity of Veiki moraine and the presence of murtoos fields in areas of ribbed moraine. Distribution of Veiki and ribbed moraines is simplified from Hättestrand (1998). 8
Antti E. K. Ojala and others the warm Bølling-Allerød interstadial. North of the southernmost occurrence of murtoos, these forms are generally absent until ∼40-50 km north of the prominent moraine systems that mark the Middle Swedish end-moraine zone and the Salpausselkä zone, which were formed during the Younger Dryas cold period (Hughes and others, 2015; Stroeven and others, 2016) . The frequency of murtoos increases significantly 50-100 km north of the Younger Dryas end moraines (Fig. 10) . Significantly, murtoos appear to be completely absent from the northern Fennoscandian region, where it has been shown that the SIS was cold-based during much of the Weichselian (Lagerbäck and Robertson, 1998; Kleman and Hättestrand, 1999) .
In general, murtoo fields mapped in southern and central Sweden show a dispersed character within the regions they occur, but in southern and central Finland, it is common for murtoo fields to occur in distinct corridors parallel to the regional ice flow and closely associated with eskers (Figs 8 and 10) (Mäkinen and others, 2017; Peterson and others, 2017) .
In southern and central Finland, the majority of murtoos are associated with the Baltic Sea and Finnish Lake District ice lobes, although some scattered murtoos and murtoo fields are also found in the North Karelia ice lobe in central Finland and in the western sector of the Näsijärvi-Jyväskylä ice lobe (Fig. 10) . The Finnish Lake District ice lobe has two murtoo areas clustered in the NW and SE parts. In the NW of this district, murtoos form corridors along the margins of drumlinized iceflow corridors partly associated with ribbed moraines (Figs 8  and 10 ) (cf. Ahokangas and Mäkinen, 2014) .
The SE part of the Finnish Lake District ice lobe shows two clear corridors, tens of km long and mostly 2-4 km wide that are dotted by murtoo fields along the central axis of the ice lobe (the eastern corridor is well depicted in Fig. 10 ), splitting the lobe axially and separating drumlinized terrain into different flow sectors. The murtoo corridors here occur up-ice of prominent eskers that end at the Salpausselkäs. Additionally, the murtoos are commonly found on the lee of topographic highs or their margins. The third cluster of murtoos in Finland occurs along the northeastern margin of the Baltic Sea ice lobe (Loimaa sublobe) (Mäkinen, 2003; Mäkinen and others, 2017) . Here, murtoos are found ∼50-150 km up-ice from the Salpausselkä III.
Discussion
Murtoos are a distinct landform
The geomorphologically distinct and unique appearance of murtoos suggested by Mäkinen and others (2017) and Peterson and others (2017) is supported here by morphometric analysis. Not only is the triangular form readily recognizable on the LiDAR data, but the distribution of the values for length, width, area, slope and tip angle reveal distinct populations with a normal to log-normal distribution. Furthermore, scatter plots comparing slope and height, width and length, and tip angle and height show either strong correlation or clear relationships, thus indicating a common V-shaped appearance within the study area. These strong relationships are not unlike those reported for the morphometric length-width relationships in drumlins (e.g. Clark and others, 2009) .
Compared with other glacial landforms, murtoos are most similar to glacial hummocks, which are commonly interpreted to be formed by stagnant ice. Indeed, murtoo fields that were identified in Sweden and Finland have, in some cases, earlier been mapped as 'hummocky moraines' or 'dead-ice moraines' (e.g. Virkkala, 1962; Perttunen and others, 1984; Malmberg Persson and Persson, 2011) , which is not surprising because the distinctive morphological characteristics of murtoos in these heavily forested terrains is hard to discern without LiDAR. The relief, width and length of reported glacial hummocks are similar to the murtoos we describe here, although hummocks can be of much higher relief in some places (Johnson and Clayton, 2003; Utting and others, 2009 ). However, the shape of glacial hummocks is commonly reported as 'chaotic, ' 'disorganized' or 'irregular' (e.g. Clayton and Moran, 1982; Paul, 1983; Johnson and Clayton, 2003; Peterson and others, 2017) . The distinct V-shape of murtoos contrasts with this description, and Peterson and others (2017) were able to distinguish readily between their V-shaped hummocks and fields of 'disorganized and irregular' hummocks in southern Sweden. Some glacial hummocks have been reported to have a preferred orientation (Gravenor and Kupsch, 1959; Johnson and others, 1995; Munro and Shaw, 1997; Sjogren and others, 2002) , but none shown in these studies bears the distinct triangular shape of murtoos. We therefore consider that murtoos described in the present study are distinct from the glacial hummocks reported in the literature.
Murtoos are also distinct from ribbed moraine, a landform with which they are commonly found (Fig. 8) . The morphology of ribbed moraine can vary greatly. For example, Dunlop and Clark (2006) identified and named 16 forms of ribbed moraine. However, the morphology of murtoos is dissimilar to all 16 types. The shingled and V-shape characteristics of murtoos are distinctly different than the transverse ridges of ribbed moraine. Moreover, the cross-cutting nature of murtoos with ribbed moraine (Fig. 8) indicates that murtoos were formed by a different or modified process from that of ribbed moraines, and that the murtoos are younger. We therefore consider murtoos distinct from ribbed moraine.
Distribution of murtoos
The spatial distribution of murtoos is first and foremost related to periods of rapid ice retreat (Fig. 10) . The timing of ice retreat over these areas coincides with the Bølling-Allerød interstadial (in Sweden) and the early Holocene warming during deglaciation following the Younger Dryas (in Sweden and Finland) (Deschamps and others, 2012; Rasmussen and others, 2014) . In southern Sweden during the Bølling-Allerød, the ice sheet retreated over 100 m per year (Ringberg, 1979; Stroeven and others, 2016) . During the early Holocene, retreat rates were 100-400 m per year in Sweden and Finland (Boulton and others, 2001; Stroeven and others, 2016) , during which a significant fraction of the meltwater generated was delivered to the bed. The timing and amount of supra-and subglacial melting is an important driver of glacial dynamics, as recognized on contemporary ice sheets (Das and others, 2008; Meierbachtol and others, 2013; Andrews and others, 2014) . We suggest that the concentrated delivery of meltwater created conditions suitable for murtoo formation as shown in Figures 8 and 10 .
The area of overlap between Veiki moraines (Lagerbäck, 1988; Hättestrand, 1998) and murtoos in northern Sweden (Fig. 9 ) suggests that bed conditions had changed from frozen to thawed when murtoos were forming.
It is evident that the distribution of murtoos in the area covered by the SIS can also be partly explained by ice-sheet dynamics.
The SIS was split into distinct ice lobes in southern and central Finland, but not in southern and central Sweden, and the murtoo distribution in Finland is clearly related to the pattern of these lobes. These lobes have also been interpreted to have experienced surging or streaming behavior (Kleman and others, 1997; Stroeven and others, 2016) , a behavior not recognized in the Swedish mainland. Clusters of murtoo fields within the Finnish Lake District ice lobe could reflect the reorganization of the ice flow during deglaciation. The NW cluster of murtoos is related to deglaciation along the trunk of the Finnish Lake District ice lobe with deepening proglacial water (Ahokangas and Mäkinen, 2014) .
Lastly, we note that murtoos first appear 40-50 km north of the Younger Dryas moraines. The absence of murtoos around the Younger Dryas end-moraine zone suggests they were not formed during the cold event, and that conditions for their formation existed only after the Younger Dryas. If the formative conditions of murtoos began at the onset of Early Holocene warming when the ice margin was at the Younger Dryas end-moraine zone, this indicates that murtoos form 40-50 km from the margin. However, if the conditions developed later during ice-margin retreat, murtoos would be formed closer to the ice margin. This idea can be supported by noting that other warm-bed landforms, such as drumlins (e.g. Mooers, 1989) and eskers (Storrar and others, 2013) can form near the ice margin. In their model of the SIS dynamics, Kleman and others (2008) suggested that the active warm-bed part of the ice sheet, where we propose murtoos to form, only occurs close to the ice margin. The present and earlier observations (Mäkinen and others, 2017) indicate that murtoos often occur upstream of eskers further away from the ice margin, and thus in a zone of higher subglacial water pressure. Greenwood and others (2016) consider dendritic channelized topology to generally be limited to 50 km from the ice margin.
Murtoo formation environment
Based on their spatial distribution, murtoos are formed on a thawed bed during times of rapid ice-margin retreat when large quantities of supraglacial meltwater would be delivered to the bed. Thereby, murtoos could represent landforms that developed towards the ice-sheet interior to evacuate large discharges of subglacial water under high pressure prior to the development of flow in large meltwater tunnels or Röthlisberger channels. The appearance of murtoos in corridors, especially in areas of past ice streams in southern and central Finland, could thus partly explain changing subglacial hydrology and how eskers extend themselves headward during the deglaciation (Banerjee and McDonald, 1975) .
Understanding of ice-sheet hydrology is essential because it affects mass balance through its impact on meltwater runoff processes and ice dynamics (Nienow and others, 2017) . Formation of murtoos could be associated with rapid supraglacial lake drainages like those in Greenland today (Meierbachtol and others, 2013; Flowers, 2015) , in which high discharges of meltwater are evacuated through transient and distributed subglacial hydrologic systems (Dow and others, 2015) . If murtoos indeed indicate high subglacial discharges associated with rapidly melting ice sheets, they could contribute significantly to improving palaeoglaciological models.
Conclusions
• Murtoos are a morphologically distinct glacial landform.
• The ice-sheet scale distribution of murtoo fields can be explained by ice-retreat rate and glacial dynamics. They occur in places characterized by rapid ice retreat (deglaciation during 10 Antti E. K. Ojala and others
Bölling-Alleröd and early Holocene). Additionally, in southern and central Finland, where the SIS was broken into dynamic ice lobes, murtoos occur in corridors along lobe axes and margins. • The main constraints for the formation of murtoos are that they formed: (i) during rapid deglaciation in a warming climate, (ii) under warm-based ice, (iii) in association with significant subglacial meltwater flow and (iv) in non-channelized environment.
